In this article we report on a new hybrid (organic-inorganic) composite material based on hydrophilic, electrically inert and semi-transparent hydrotalcite (HT) nanoparticles and a pHneutral formulation of PEDOT:PSS. The application of this composite material as electrically and optically active buffer layer in P3HT:PC 61 BM bulk heterojunction (BHJ) solar cells is reported. Two different synthetic routes are explored to obtain HTs having discoid shape, with a diameter of around 150-200 nm and a thickness of ∼20 nm, to be easily embedded in ∼50 nm thick PEDOT:PSS films. The good affinity between HTs and the sulfonate groups of the PEDOT:PSS allows to obtain homogeneous HTs/PEDOT:PSS films, for HT concentrations of 0.25% and 0.50% by weight (vs. PEDOT:PSS). At these particle loads the electrical and morphological features of doped and undoped PEDOT:PSS films are nearly identical, while providing a significant effect on the visible light scattering properties of the composite films. We demonstrate ∼12% improvement in power conversion efficiency (PCE) for P3HT:PC 61 BM solar cells incorporating HTs in the PE-DOT:PSS layer, which mainly originates from increased shortcircuit current densities (J SC ).
Introduction
Organic photovoltaic (OPV) solar cells have being intensively studied because of their promising large-scale fabrication by printing techniques, easily transferrable to continuous roll-to-roll industrial processes [1, 2] . The active materials engineering is rapidly leading to breakthrough the 10% module efficiency limit, necessary for the OPV technology to be adopted in the industrial world [3] [4] [5] [6] . However, the main limiting factor for the OPV cells performances is the difficulty to maximize external quantum efficiencies (EQEs), because of the organic active the light into the active layer enhancing its total light absorption. Nevertheless, the advanced techniques used to prepare or manipulate these highly ordered micro-and nano-structures are often limited to lab-scale use [23, 24] . Moreover, surface plasmon resonators and solar concentrators often require the use of rare or expensive materials, such as gold, silver, rare earth ionic complexes and metal quantum dots [25] .
The simplest light trapping approach that could enhance the active layer absorption and cell photocurrent is the employment of light scattering centres in the device structure. The randomization of the light propagation pathway inside the solar cell stack results in an increased interaction between the solar radiation and the photoactive absorbing layer. This, in principle, might lead to a substantial enhancement of active layer absorption, device short-circuit photocurrent and PCE [26, 27] .
In the dye sensitized solar cells (DSSCs) technology, the use of a scattering material in the device structure is a consolidated technique since more than fifteen years [28] [29] [30] [31] [32] [33] . Indeed, the introduction of a TiO 2 ,layer with large nanoparticles [28] [29] [30] [31] or the dispersion of nanozeolites into the standard TiO 2 nanoporous layer has shown significant improvements in terms of performance and lifetime stability [32, 33] . On the other hand, controlled light scattering in BHJ OPVs is a relatively recent technique. In particular, research has focused on the use of metal oxide (TiO 2 , ZnO, MoO 3 , . . . ) [34] [35] [36] [37] or metallic (Au, Ag,. . . ) [18] [19] [20] [21] [22] nanostructured materials (often nanoparticles) dispersed in the buffer layer or in the active layer of the OPV stack. However, these materials allowed the enhancement of the OPV performances by mainly exploiting a number of effects, including plasmon resonance and buffer layer work-function tuning, rather than light scattering.
Hydrotalcites are among the most attractive cheap and non-toxic micro-and nano-structured inorganic materials and have been already used in a wide range of applications in the fields of polymeric nanocomposites, [38] [39] [40] [41] [42] [43] heterogeneous catalysis, [44] [45] [46] [47] photochemistry [48] [49] [50] [51] [52] and dye sensitized photovoltaics [53] [54] [55] [56] . − is a charge balancing anion (organic, inorganic or metallorganic) with as ionic valence and is the M(III) molar fraction. They can be easily synthesized in a variety of dimensions, with crystallite diameters ranging from some micrometers [57] to nanometers [58] [59] [60] [61] . For their chemical nature, HTs reveal a high affinity with the sulfonate groups of the PSS (poly(4-styrenesulfonate)) [62] , enabling their potential use in composite materials with PEDOT:PSS.
One of the most common type of HTs are the Zn(II)-Al(III) based HTs (ZnAl-HTs), that can be easily synthesized in the form of crystalline nanoplatelets with a diameter of about 150-200 nm and a thickness of ∼20 nm [60, 61] . This high aspect-ratio could allow a preferential in-plane self-orientation of HTs in the composite ZnAl-HTs/PEDOT:PSS material, thus leading to homogeneous and smooth films with a maximized scattering cross-section per particle.
On the basis of the hydrophilicity, electrical inertness and semi-transparency properties of ZnAl-HTs, we report here on their use in the PEDOT:PSS layer of OPV solar cells. P3HT:PC 61 BM based BHJ solar cells incorporating pristine PEDOT:PSS or ZnAl-HTs/PEDOT:PSS films have been fabricated with the standard OPV structure (Figure 1 ), revealing an interesting and effective bi-functionality of the ZnAl-HTs/PEDOT:PSS composite film, both as hole transporting and light scattering layer. Two different synthetic routes have been used to prepare ZnAl-HTs: the first one is based on a variation of the urea method, using a mixture of water and ethylene glycol as solvent [54] , while the second one is based on the double microemulsion process [60, 61] . Both methods led to crystalline ZnAl-HTs (called respectively ZnAl-HT and ZnAl-HT µE ) with similar dimensions but different aggregation tendencies.
Since HTs are metal hydroxides, which can be dissolved in acid environments, a pH-neutral PEDOT:PSS formulation is used in this work. The morphological, optical and electrical properties of the composite ZnAl-HT /PEDOT:PSS and ZnAl-HT µE /PEDOT:PSS films have been studied for different HTs concentrations and correlated with the corresponding OPV performances. 
HTs/PEDOT:PSS thin-films preparation and characterization
pH-neutral PEDOT:PSS was used after previous filtration with a 0.45 µm filter. The ZnAl-HTs dispersions in water were sonicated for 10 minutes before use. The concentration of ZnAl-HT µE and ZnAl-HT starting solutions were 6.6 mg/mL (for lower concentrations mixed solutions) or 15 mg/mL (for higher concentrations). To avoid dilution effects, small volumes (at maximum, a volume of 67 µL in 1 mL, used for the 5 wt% ZnAl-HTs/PEDOT:PSS solution) of these ZnAl-HTs dispersions were added to the PEDOT:PSS aqueous solution to prepare mixed ZnAlHTs/PEDOT:PSS blends with the following nanoparticles loads: 0.25%, 0.50%, 1%, 5% (weight % vs. PEDOT:PSS solid content). Each solution was sonicated at room temperature for 10 minutes, then ZnAl-HTs/PEDOT:PSS films were prepared by spin coating (on pre-cleaned and plasma-treated glass substrates) at 4000 rpm for 1 minute and subsequent annealing at 120
• C for 10 minutes. The thicknesses of the various films were measured with a profilometer (KLA Tencor, P-6) and all resulted ∼50 nm thick. HTs and HTs/PEDOT:PSS films were imaged with a scanning electron microscope SEM, ZEISS LEO 1530 FEG, after metallization with gold. Atomic Force Microscopy (AFM) images were taken with a Solver Pro (NT-934 MDT) scanning probe microscope in tapping mode. For XRD analysis, the films were prepared by drop casting blends with HTs loads of 5 wt% for both ZnAl-HT µE and ZnAl-HT , in order to achieve detectable variations. X-ray diffraction (XRD) patterns were recorded with a Philips X'PERT PRO MPD diffractometer operating at 40 kV and 40 mA, step size 0.0170 2θ degree and 20 s step scan, using the CuKα radiation and an X'Celerator detector. The total transmittance (T%) of the doped and undoped PEDOT:PSS films was measured with a Perkin-Elmer Lambda-9 UV-vis spectrophotometer equipped with an integrating sphere. The descriptive scattering parameters of the doped and undoped PEDOT:PSS films were determined experimentally from laser in-line transmission (LT) measurements [63] . Haze parameter H [64, 65] have been derived by measuring the linear and total transmission of a monochromatic light passing through the sample. The 488 nm emission of an Ar+ Innova 90 Coherent laser passes perpendicularly through the sample (the power is set at 40 mW in order to have a high signal to noise ratio but avoiding any possible distortion due to local heating of the sample) and the transmitted light is collected through a lens by a Ophir laser power meter. The transmitted light collected after passing through a pinhole positioned 50 cm after the sample, with a narrow ( = 1 mm) or wide ( = 20 mm) aperture, are called T (in-line transmitted light) and T (total transmitted light) respectively. The conductivity of doped and undoped PEDOT:PSS films was measured through the four-point probe technique applied to devices with glass/ITO electrodes arranged in the geometry reported in ESI † [66] .
BHJ OPV Device fabrication and characterization
Patterned ITO-coated glasses (Rs ∼10 Ω/sq, ITO roughness RMS <1 nm) were cleaned in sequential sonicating baths for 10 min, twice in acetone and once in isopropanol, then cleaned in an ozone-plasma chamber for 10 min. Next, the PEDOT:PSS or HTs/PEDOT:PSS layer was spun-cast from the corresponding acqueous suspensions on the ITO surface at 4000 rpm, for 1 minute, and subsequently annealed at 120
• C for 10 minutes (as for the films on glass). Samples were then transferred inside the glove box (<0.1 ppm of O 2 and H 2 O). A P3HT:PC 61 BM 1:1 (wt/wt) solution was previously prepared in glove box with a total concentration of 60 mg/mL in dry chlorobenzene: orthodichlorobenzene (1:1 v/v) and left under stirring and heating at 70
• C overnight. The P3HT:PC 61 BM solution was then spun-cast on top of the ITO/PEDOT:PSS or ITO/ZnAl-HTs/PEDOT:PSS surface at 1000 rpm for 10 seconds. The wet active layers were slowly dried and then annealed at 110
• C for 10 minutes resulting in ∼350 nm thick films. To complete the device fabrication, LiF/Al cathodes (0.6 nm and 100 nm respectively) were next deposited sequentially without breaking vacuum (∼3×10 −6 Torr) using a thermal evaporator directly connected to the glove box. The current-voltage (I-V) characteristics of complete OPV devices were recorded by a Keithley 236 source-measure unit under simulated AM1.5G illumination of 100 mW/cm 2 (Abet Technologies Sun 2000 Solar Simulator). The light intensity was de-termined by a standard silicon photodiode filtered with a KG5 color glass filter to bring spectral mismatch to unity. During testing, each device was illuminated through a calibrated mask (exactly 6 mm 2 ), to avoid any excess of photocurrent generated from the parasitic device regions outside the overlapped electrode area. All solar cells were tested inside the glove box in oxygen and moisture free environment. External Quantum Efficiency (EQE) was measured with a home built system on encapsulated devices: monochromatic light was obtained with a Xenon arc lamp from Lot-Oriel (300 Watt power) coupled with a SpectraPro monochromator. The photocurrent produced by the device passed through a calibrated resistance (50 Ω) and the voltage signal was collected with a Lock-In Digital Amplifier SR830. Signal was pulsed by means of an optical chopper (∼500 Hz frequency). A calibrated UVenhanced Silicon photodiode was used as reference.
Results and discussion

HTs/PEDOT:PSS thin-film properties
Before comparing the OPV properties of doped and undoped PEDOT:PSS based solar cells, we investigated the structural properties of HTs once dispersed in the polymeric matrix, together with the resulting HTs/PEDOT:PSS composite thin-film morphological, electrical and optical properties. Some key parameters, required for these films to be used as scattering layers in OPV devices, were analyzed: ) the chemical and structural stability of the HTs in the PEDOT:PSS matrix; ii) the homogeneous distribution of the HTs in the film, combined with a preferential in-plane self-orientation; iii) the HTs/PEDOT:PSS composite film surface regularity and flatness, to favor the subsequent deposition of the photoactive layer; iv) the maintenance of the optical (high visible light transmission) and electrical (high conductivity) properties of the HTs/PEDOT:PSS thin-film. To this end, a variety of techniques, such as x-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM), visible light total transmission and electrical conductivity, have been used for deep investigations. Figure 2a shows the X-ray diffraction (XRD) patterns of pristine ZnAl-HT µE and ZnAl-HT powders compared to the ZnAl-HT µE and ZnAl-HT films, while in Figure 2b are reported those of the ZnAl-HTs/PEDOT:PSS hybrid films prepared with a HTs load of 5 wt% (required for detectable variations) compared to the undoped PE-DOT:PSS film. It can be seen that in the composite films the main reflections at 8.0 Å and 8.7 Å (Figure 2b) are the same as in the HTs pristine films (Figure 2a ) and compatible with the presence of bromide and nitrate anions in the interlayer region [41, 60] . The presence of these reflections indicates that the lamellar structure of HTs is preserved in the polymer matrix, excluding any delamination process due to the HTs/PEDOT:PSS interactions. Moreover, the very weak reflection detected at 4.4
• , corresponding to a spacing of 20.6 Å, indicates a partial intercalation of some PSS species in the interlayer region of HTs [62] , confirming the good affinity between sulfonate groups of the PSS and HTs. In addition, unlike the powder spectra (Figure 2a) , where the HTs are randomly arranged, the absence of any in-plane reflections (h,k = 0) at high angles evidences a favourable in-plane orientation of the HTs nanoplatelets in the composite film [67, 68] .
Scanning electron microscopy (SEM) was used to characterize the topography of the blend films. In agreement with the previous considerations, the SEM image of the ZnAl-HT µE /PEDOT:PSS film with 0.50 wt% of HTs (see Figure 3b) shows that the HTs nanoparticles are homogeneously dispersed in the PEDOT:PSS matrix. In addition, the preferential in plane orientation of the platelets is confirmed, since the majority of the HTs are embedded in the bulk PEDOT:PSS layer and only a few superficial protrusions are present. However, the SEM image of the blend ZnAl-HT /PEDOT:PSS with 0.50 wt% HTs load (see Figure 3d) shows some nanoparticle aggregates, indicating the slightly higher aggregation tendency of ZnAl-HT , compared to ZnAl-HT µE , in agreement with the images of pristine ZnAl-HT (Figure 3c ) and ZnAl-HT µE (Figure 3a) films.
The morphological properties of the doped and undoped PEDOT:PSS based films have been also investigated by Atomic Force Microscopy (AFM, Figure 4) . The topographical analysis of ZnAl-HT µE /PEDOT:PSS films reveal that ZnAl-HT µE loads of 0.50 wt% and 1 wt% (Figure 4b and 4c ) have a weak influence on the film roughness (RMS of ∼5.0 and 5,6 nm,respectively), which is very similar to that of the undoped PEDOT:PSS film (Figure 4a , RMS ∼5.0 nm). However, by further increasing the ZnAl-HT µE content up to 5 wt%, the RMS sharply increases to 16.8 nm, due to the formation of micrometric aggregates (Figure 4d) . A similar trend, with a higher dependence on the HTs loads, was found for ZnAl-HT based composites, for which the RMS increases from ∼5.1 nm to ∼10 nm and ∼30 nm for particles loads of 0.50 wt% (Figure 4e ), 1 wt% (Figure 4f ) and 5 wt% (Figure 4g ) respectively, in accordance with the higher aggregation tendency of ZnAl-HT with respect to ZnAl-HT µE .
Finally, the total transmittance (T%) of the PE-DOT:PSS film and of the most highly doped (5 wt%) HTs/PEDOT:PSS films (see Figure S1 in the ESI †), measured with a spectrophotometer equipped with an integrating sphere to take into account the contributions of both unscattered and scattered light, results unvaried in the whole visible range (350 -850 nm). This excludes the possibility that any variation in the photovoltaic response of the solar cells could be due to a change in transparency of the buffer layer following the inclusion of HTs. Analogously, the conductivity experiments on the HTs/PEDOT:PSS films revealed that any influence on the PEDOT:PSS conductivity due to the presence of HTs in the film (up to 5 wt% of ZnAl-HT µE or ZnAl-HT ) can be neglected (see Figure S2 in ESI †).
The positive results obtained from the morphological, electrical and optical analysis on the HTs/PEDOT:PSS films prompted us to test them in BHJ OPVs. In particular, the smooth and regular surfaces observed for the HTs/PEDOT:PSS films with lower HTs concentrations (0.25 and 0.50 wt%) is not expected to induce morphological changes of the overlying P3HT:PC 61 BM layer (as evidenced by AFM, see Figure S3 in ESI †). In addition, the HTs in-plane preferential orientation is favorable for maximizing the HTs/PEDOT:PSS film light scattering properties.
Scattering properties of HTs:PEDOT:PSS films
To investigate the scattering effects of the HTs/PEDOT:PSS films, laser in-line transmission measurements (LT, Figure 5a ) were performed on doped and undoped PEDOT:PSS films deposited on glass. In general, with this method an approximation of the diffused transmittance (T ) of a semi-transparent sample is given by the difference between the film total transmittance (T ) and linear transmittance (T ). An approximated haze parameter (H ) for transmitted light can then be determined as H = (T -T )/T = T /T . In this way, the enhanced light scattering properties of the ZnAl-HTs/PEDOT:PSS films, compared to the bare PEDOT:PSS film, can be evaluated through the difference between their H and the H of the reference PEDOT:PSS film (this ratio can be called as differential haze, or ∆H ). Therefore, the H parameters of undoped PEDOT:PSS and HTs/PEDOT:PSS composited films on glass have been calculated, and the corresponding ∆H are reported in Figure 5b . As expected, the ∆H values of the glass/ZnAl-HT µE /PEDOT:PSS films at various particle concentrations increases with respect to the glass/PEDOT:PSS reference film, following the same trend of the corresponding devices J SC measured at 1 sun (also reported, for comparison, in Figure 5b ). In particular, a maximum ∆H is obtained for a particle concentration of 0.50 wt%, while at higher concentrations (1 and 5 wt%) ∆H gradually decreases.
Analogously, the ∆H of the glass/ZnAl-HT /PEDOT:PSS films increases with respect to the bare glass/PEDOT:PSS film, reaching a maximum value for 0.25 wt% particle concentration and gradually decreases for higher ZnAl-HT loads, again following the Isc trend of the corresponding OPV devices. It has to be noted that the decrease in the ∆H parameter for high particles concentrations, both for ZnAl-HT µE and ZnAl-HT , is likely due to the formation of the micrometric aggregates previously observed in the morphological analysis of the highly doped PEDOT:PSS films (SEM and AFM images, Figures 3 and 4, respectively) .
These measurements validate our hypothesis, confirming that the addition of the ZnAl-HTs to the PEDOT:PSS layer enhances the scattering properties of the film for the transmitted light.
BHJ OPV devices performances
The potential of HTs as effective scattering centers in OPV devices was investigated in bulkheterojunction (BHJ) solar cells using P3HT:PC 61 BM as active layer.
The device structure employed is glass/ITO/PEDOT:PSS/P3HT:PC 61 BM/LiF/Al (Figure 1) . Details for the device fabrication and characterization are given in the experimental section. Different 2 , a V OC of 0.54 V, a FF of 67% and a PCE of 2.98%, which corresponds to a ∼16% PCE improvement with respect to the reference cell (∼12% on average). A similar but less marked trend is observed for ZnAl-HT based devices, for which the best performance is peaked at a particle load of 0.25 wt%, leading to J SC , Voc, FF and PCE for the best device of 7.67 mA/cm 2 , 0.54 V, 66% and 2.73%, respectively, corresponding to an improvement of ∼12% with respect to the reference cell (∼6% on average). Noticeably, the main factor determining the efficiency improvements for the devices with HTs/PEDOT:PSS layers is the enhancement of the short-circuit current density, in perfect agreement with the light scattering properties of the doped buffer layer.
By further increasing the HTs content (up to 5 wt%) in the PEDOT:PSS films, the J SC , FF and PCE significantly decrease. This could be ascribed to several factors, such as: ) the presence in relatively high percentage of electrically inert HTs, increasing the series resistance within the OPV device; ii) a reduced nanoscale self-organization of the overlying photoactive layer (P3HT:PC 61 BM), induced by the rough and irregular surface of the highly doped buffer layer.
It should be noted that within all films, the highest ∆H has been obtained for the ZnAl-HT /PEDOT:PSS film with 0.25 wt% nanoparticles concentration. However the corresponding ZnAl-HT /PEDOT:PSS based solar cell doesn't show the highest photocurrent, within all devices. This discrepancy could be explained through the higher aggregation tendency of the former particles comparing to the latter, as discussed before (Figure 3) . The possible presence of aggregates, embedded in the composite film bulk or at the ITO/PEDOT:PSS interface, for low particles loads (25 wt% and 0.50 wt%), cannot be excluded through SEM or AFM surface analysis (Figures 3b and 3d, Figure 4b and 4e) . Therefore it is reasonable to assume that the limiting factor for the photocurrent generation of the HT /PEDOT:PSS based device is the higher content of aggregates in the HT /PEDOT:PSS film comparing to the HT µE /PEDOT:PSS one, which could partially limit the charge extracting ability of the former buffer layer comparing to the latter.
A further evidence of the effectiveness of the ZnAlHTs/PEDOT:PSS films in enhancing the devices photocurrent through light scattering can be given by the study of their spectral response. Figure 7 shows the External Quantum Efficiency (EQE) spectra of the best performing solar cells with ZnAl-HTs/PEDOT:PSS films, in comparison with the reference cell.
The resulting EQE values are gradually enhanced passing from the reference device (maximum EQE = 0.56), to the cells based on 0.25 wt% of ZnAl-HT (maximum EQE = 0.58), to the one with 0.50 wt% of ZnAl-HT µE (maximum EQE = 0.60). Convolution of these EQE spectra with the AM 1.5 solar spectrum gave calculated short circuit current densities in good agreement with those obtained from the I-V measurements. Moreover, no significant alteration in the shape of the EQE spectra of the ZnAl-HTs/PEDOT:PSS based devices, with respect to the reference cell, is registered. This further confirms that, for low HTs loads, no significant changes are induced by the underlying PEDOT:PSS doped layer on the P3HT:PC 61 BM morphology (see also Figure S3 in ESI †), since they would likely result in absorption and EQE spectral modifications.
These results demonstrate the efficacy of the HTs/PEDOT:PSS layer in enhancing the propagation length and trapping of the incident light into the BHJ OPV device, leading to a significant active layer absorption enhancement and consequent increase of Jsc, EQE and PCE.
Conclusion
In conclusion, two series of PEDOT:PSS films doped with ZnAl-HT or ZnAl-HT µE were employed in P3HT:PC 61 BM based BHJ OPV devices to investigate their scattering properties. The results demonstrate that ZnAl-HTs could effectively scatter a portion of the incident light into larger angles through the active layer of the OPV solar cell, enhancing its light absorption and improving the device J SC and PCE. Indeed, the HTs/PEDOT:PSS films with the highest haze for transmitted light (∆H ) resulted in devices with improved performances, with PCEs going from 2.58%, for the device with pristine PE-DOT:PSS, to 2.73% and to 2.98% for the devices with ZnAl-HT /PEDOT:PSS and ZnAl-HT µE /PEDOT:PSS films, respectively.
The extraordinary versatility of HTs, given by their relatively simple synthetic procedures and by the possibility to combine a wide variety of metals and counter-ions in their chemical structure, paves the way to the engineering of novel HTs-based composites for applications in the OPVs technology. Indeed, we expect that device performances can be further improved by a rational and fine tuning of the optical, electrical and chemical properties of the HTs, taking advantage of the results and considerations reported in this study. This approach might allow a potential and effective implementation of HTs/PEDOT:PSS composite films in the recombination layer of tandem solar cells. Indeed, the active layers of both the bottom and top cells could benefit of the scattering effect induced by the doped intermediate layer [69, 70] . In addition, with a similar approach, the use of other hydrophilic scattering nanoparticles in the PEDOT:PSS layer of BHJ OPVs, such as nanozeolites, have been explored in cooperation with SAES Getters R&D (in July 2012) with promising results, which are nonetheless out of the main focus of this publication.
